Construction of Chiral Metamaterial with a Helix Array by Xiong, Xiang et al.
  1
Construction of Chiral Metamaterial with a Helix Array 
 
Xiang Xiong1, Xiao-Chun Chen1, Zhao-Wu Wang1, Shang-Chi Jiang1, Mu Wang1,*, 
Ru-Wen Peng1, Xi-Ping Hao1, and Cheng Sun2   
 
 
1National Laboratory of Solid State Microstructures and Department of Physics,  
Nanjing University, Nanjing 210093, China 
2Department of Mechanical Engineering, Northwestern University, Evanston, IL 60208-3111, USA 
 
 
Here we report the designing of chiral metamaterial with metallic helix array. The 
effective electric and magnetic dipoles, which originate from the induced surface 
electric current upon illumination of incident light, are collinear at the resonant 
frequency. Consequently, for the circularly polarized incident light, negative refractive 
index is realized. Our design provides a unique approach to tune the optical properties 
by assembling helices, and demonstrates a different approach in exploring three- 
dimensional chiral metamaterial. 
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The interest to construct metamaterial has being promoted in recent years by its 
attractive optical properties, such as negative refractive index1-4, ultrahigh spatial 
resolution5-7, invisiblity cloaking8-10, and negative optical pressure11, etc. One of the 
interesting structures is chiral metamaterial12-16, which offers a unique way to realize 
negative refractive index. In chiral materials, the structural chirality helps to suppress 
the refractive index of light with one handedness, and increases the refractive index of 
light with the opposite handedness. When chirality of the structure becomes 
sufficiently strong, negative refractive index can be realized12. So far, a number of 
chiral structures, such as cross-wires17, twisted rosettes15, interlocked spilt-ring 
resonators16 and U-shaped resonators13, etc., have been proposed to construct the 
negative-refractive-index metamaterials.  
In chiral metamaterial the strongly coupled electric and magnetic dipoles are 
simultaneously excited. In previous designings, there usually exists an angle between 
the electric and magnetic dipoles14, which makes it difficult to utilize the induced 
dipoles efficiently. We once proposed an assembly of double-layered metallic 
U-shaped resonators13, which possesses two resonant frequencies H and L, 
respectively. The effective electric and magnetic dipoles, which originate from the 
specific distrubution of induced surface electric current upon illumination, are 
colinear at the resonant frequency. Consequently, for the left-handed circularly 
polarized incident light, negative refractive index could occurs at H, whereas for the 
right-handed circularly polarized incident light, negative refractive index occures at 
L. Despite of efficient utilization of the electric and magnetic dipoles in that 
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approach, the coupling between differernt layers of the buliding block is very strong, 
which is not a favorable feature for constructing three-dimensional (3D) metamaterial. 
One possible solution to solve this problem is to introduce helix structure18,19, where 
collinear electric and magnetic dipoles can be parallelly or anti-parallelly excited. The 
coupling between different layers of helix structure is small. Therefore, by combining 
helices in a specific way, 3D chiral metamaterials can be constructed. 
Here we show that in an assembly of helix array, the effective induced electric 
and magnetic dipoles are aligned. The resulted strong chiral feature leads to the 
negative refraction for circularly polarized light. The elementary buliding block is a 
uniaxial gold helix with three and a half turns, as shown in Fig. 1(a). The axis of the 
helix is along x-direction and the two endpoints of the helix are positioned in x-z 
plane. The wave vector of the incident light is along z-direction. Commercial software 
based on the finite difference time domain (FDTD) method (CST Microwave Studio) 
is applied in calculation. The permittivity of gold in the infrared regime is based on 
the Drude model, pi, where p is the plasma frequency, and is 
the damping constant. These parameters are taken as p=1.37×104 THz, and  
=40.84 THz20. Considering that the electrons may experience additional scattering 
from metal surfaces, in the simulation we take the damping constant 1.6 times higher 
than that of the bulk material21. Figure 1(b) shows the transmission coefficients of the 
array of helix unit shown in Fig. 1(a). The distance between neighboring helices in 
both x and y directions is 0.05 m. The resonant dips in transmission t∥, where the 
polarization of input and output waves is in parallel, can be detected at 1300 cm-1 for 
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both x-polarized (tx∥) and y-polarized (ty∥) incidence. It should be noted that the helix 
possesses intrinsic chirality and the helix array shows optical activity. The chiral 
behavior of the helix array rotates the polarization of incident light and converts a 
portion of energy from one polarization to the other. Consequently, the resonance 
peaks of perpendicular polarization of input and output light (t⊥) can be detected in 
the transmission at 1300 cm-1 for both x polarization (tx⊥) and y polarization (ty⊥). 
Calculations show that tx⊥ and ty⊥ are almost identical. There may exist higher order 
of resonances in the helix structure, and the induced surface electric current forms a 
much more complicated pattern (i.e., the current flows in different directions on 
different section of the helix). Here we focus, however, on the lowest frequency 
resonance of the structure (1300 cm-1), where the induced surface electric current 
flows in the same direction, as shown in Fig. 1(c). The resonant mode of the surface 
electric current in the helix does not depend on polarization direction. The surface 
current shown in Fig. 1(c) essentially flows along x-direction, which corresponds to 
an effective electric field E  in x, as indicated by red (light gray) arrow in Fig. 1(d). 
This means that an effective electric dipole along x is induced. On the other hand, the 
surface electric current along helix forms a loop structure. The curl integration along 
the projection in y-z plane is nonzero, which leads to an induced magnetic field H   
in x. This indicates that an effective magnetic dipole along x is induced at the same 
time, as indicated by the blue (dark gray) arrow in Fig. 1(d).   
Four helices are assembled into a unit with each helix being seperated 0.05 m 
apart, as shown in Fig. 2(a). An array of such units arranged in simple square lattice is 
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then constructed, and the lattice parameter equals to 0.7 m in both x- and 
y-directions. Due to the fourfold rotatioanl symmetry of the unit, the transmisssion 
and reflection properties of this structure do not rely on the orientation of the sample 
with respect to the polarization of incident light. The strucutre shown in Fig. 2(a) is 
clearly different from what we reported earlier18. For previous structure in ref. 18, the 
magentic and electric responses can be switched at the same frequency by changing 
the polarization of the incident light. For the chiral structure shown in Fig. 2(a), 
software is applied to calculate the transmission and reflection coefficients, and the 
results are shown in Fig. 2(b). It follows that one resonance dip occurs at 1300 cm-1, 
which corresponds to the transmission of parallel polarization of input and out put 
light (|t∥|) and to the transmission of perpendicular polarization of input and output 
light (|t⊥|). For optically inactive structure, when the incident light is polarized along 
the principal axis (the axis along which the tensor of electric susceptibility is 
diagonal), only transmission of t// is detected while t vanishes. For optically active 
material as we discuss here, however, the chiral behavior of the structure rotates the 
polarization of incident light and convert a portion of energy from one polarization to 
the other polarization. Hence t can be detected, as illustrated in Fig.2 (b).   
Let us define the transmission and reflection coefficients of the left-handed 
circularly polarized (LCP) light and the right-handed circularly polarized (RCP) light 
as tL=t∥-it⊥, tR=t∥+it⊥, rL=r∥-ir⊥, rR=r∥+ir⊥, respectively. In our structure r is zero, 
as shown in Fig. 2(b), suggesting that the polarization of the reflection light does not 
change.  
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The calculated transmission coefficients of LCP and RCP (tL and tR ) are shown 
in Fig. 2(c). Due to the chirality of the structure, the transmission for LCP and RCP 
split into two different curves (Fig. 2(c)). One resonant dips appears at 1300 cm-1 for 
both tL and tR, respectively. For the resonance at 1300 cm-1, the dip in |tL| is much 
deeper than that in |tR|, indicating that the resonance for LCP is stronger than that for 
RCP. We define here δ as the phase difference between t⊥ and t∥. The dependence of  
as a function of wave number is illustrated in Fig. 2(d). It follows that an elliptical 
polarized light is generated when  n (n is an integer). Meanwhile, the end of 
electric field vector revolves clockwise for sin 0 and count-clockwise for sin 0. 
Consequently, the outgoing light revolves clockwise in our design. The azimuth angle 
of the principal polarization axis of the transmitted wave, θ, is defined as  
= 1
2
[arg(tR)-arg(tL)], which represents the change of polarization angle when a linearly 
polarized light is incident on the helices assembly22. As plotted in Fig. 2(d), at 1350 
cm-1 the azimuth angle reaches 22°. 
     It is known that the refractive indices for LCP and RCP lights are given by 
/R Ln    14,15, where  and  are the effective permittivity and permeability, 
respectively. The chiral parameter , which is defined as  =(nR-nL)/2, represents the 
coupling between the electric and the magnetic dipoles along the same direction. The 
effective impedance (Z) and refractive index for LCP and RCP light can be derived 
from the reflection and transmission coefficient15,23. It is noteworthy that in Fig. 
3(a)-(b), for our helix structure, evident drop of refractive index occurs at 1300 cm-1 
for LCP light and the refractive index shows much smaller modification for RCP light. 
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This is due to the cancellation of the contributions from the permittivity/permeability 
and that from the chirality. Far away from the resonant frequency, the difference 
between the refractive indices of RCP and LCP diminishes. The effective permittivity 
and permeability have been retrieved, as illustrated in Fig. 3(c)-(d). At 1300 cm-1 the 
permittivity reaches negative values, whereas the magnetic resonance is not 
sufficiently strong to provide a negative permeability. The chiral term  and 
impedance Z are shown in Fig. 3(e)-(f), respectively, which demonstrate strong 
chirality of our helix array at 1300 cm-1.  
In U-shaped resonator (USR) structure in our previous studies13, 25, some surface 
current loops are induced in x-y plane along USR arms, strong magnetic dipoles are 
induced in z-direction. When different layers of USR are stacked along z-direction, 
strong coupling of different layers prevents homogenization of the metamaterial26. For 
helix structure, the induced electric and magnetic dipoles are almost along x or –x. 
The electromagnetic filed along z-direction is relatively small, which means the 
coupling in z-direction is weak. There is no strong magnetic field of one helix 
penetrating into the neighboring one. So we are able to stack layers of helix array to 
generate 3D metamaterial. Figure 4(a) shows the unit cell of a double-layer helix array. 
To construct the 3D structure, we duplicate the first layer of helix array, and then 
rotate each helix for 90°counterclockwise around z-axis. Then we lift the duplicated 
helix array upwards by 0.5 m to form the second layer, as shown in Fig. 4(a). The 
third layer can be produced in the same way. The azimuth angle of the principle axis 
of polarization of transmission wave,  as a function of wave number for single-, 
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double- and triple-layered structure is shown in Fig. 4 (b), which shows the change of 
polarization angle when a linearly polarized light is incident on the helix assembly. 
Around resonant frequency, the multi-layered chiral structure shows stronger optical 
activity than the single-layered one. As shown in Fig. 4(b), at resonant frequency the 
rotation angle reaches 42° for the double-layer helix array and 60° for triple-layer 
helix array. The chiral parameter  and the refractive index for single-, double- and 
triple-layered structure are shown in Fig. 4(c)-(d), respectively. It can be seen that 
negative refractive index can be realized for LCP light for the 3D helix array.   
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FIG. 1. (Color online) (a) The geometrical parameters of building block: L=0.35 m, 
R=0.125 m, and r= 0.075 m. (b) Transmission coefficients of an array of helices for 
x- and y-polarized incidence. (c) shows the calculated induced surface electric current 
density on the helix. (d) schematically show the equivalent electric and magnetic 
dipoles induced on the helix. 
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FIG. 2. (Color online) (a) The unit cell constructed by four helices. (b) The amplitudes 
of t∥,t⊥,r∥ and r⊥. (c) The amplitude of tL, tR and r. (d) The diagram to show the 
phase difference  between t⊥, t∥ as a function of wave number, and the azimuth 
angle of the principle axis of polarization of transmission wave  as a function of 
wave number.
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FIG. 3. (Color online) The retrieved effective optical parameters of helix arrays. (a) 
and (b) illustrate the real and imaginary parts of the refractive index for LCP and RCP 
light, respectively. The shadow denotes the occurrence of negative refractive index. 
(c)-(f) illustrate the real and imaginary parts of the permittivity , permeability , 
chiral parameter , and the impedence Z. 
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FIG. 4. (Color online) (a) The unit cell of the double-layer helix array. (b) the azimuth 
angle  as a function of wave number for single-, double- and triple- layer helix arrays. 
(c) The real parts of chiral parameters and (d) the real parts of the refractive index for 
LCP for single-, double- and triple- layer helix arrays, separately. 
 
 
